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Surekaramyces carlsbergensis 60 S rrbosomal subunits were treated with the hetero-bifunctionai crosslinking 
agent 2-im~nothio~ane and then subjected to mild UV irradiation to introduce protein-rRNA crosslinks. The 
major crosslinked products were identified as proteins L2, L3. LS, L19 and L23 of which L5 was found 
to be crosslinked at a 3P5-fold higher efficiency than the other four. Several additional proteins were cross- 
linked to a detectable but much lower extent. 
Yeffsi Ribosome 
1. INTRODUCTION 
To understand the functioning of the ribosome 
in protein synthesis a detailed knowledge of the 
spatial relationships between the numerous 
ribosomal constituents is essential. Crosslinking is 
one of the most powerful techniques available for 
obtaining such detailed structural information 
since it has the potential to provide information 
down to the amino acid/nucleotide level. The ma- 
jority of the crosslinking studies thus far has been 
concerned with determining protein-protein 
neighbourhoods (reviews [ 1,2]). The recent 
development of a number of genuine hetero- 
bifunctional agents for protein-RNA crosslinking, 
together with methods for the precise identifica- 
tion of the site(s) of crosslinking (review [3]), has, 
however, appreciably increased the value of this 
technique for studying protein-rRNA proximity 
relationships. 
So far protein-rRNA juxtapositions and interac- 
tions have been studied mainly in prokaryotic 
ribosomes (reviews [3,4]). We have commenced 
similar studies on the ribosomes of the lower 
eukaryote Saccharomyces carlsbergensis [5]. As 
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part of these studies we report here the identifica- 
tion of the ribosomal proteins crosslinked to the 
rRNA by treatment of 60 S ribosomal subunits 
with the hetero-bifunctiona~ agent 2-iminothiolane 
in combination with mild UV irradiation. 
2. MATERIALS AND METHODS 
2.1. Isolation of 60 S subunits 
35S-labeled and unlabeled 60 S ribosomal 
subunits from S. carlsbergensis (strain S74, British 
National Collection of Yeast Cultures) were 
isolated as in [5] except that triethanolamine was 
used in all buffers instead of Tris. 
2.2. ~rossI~~ki~g 
Crosslinking with 2-iminothiolane (2-IT) was 
carried out essentially as described by Wower et al. 
[6] except that the subunit concentration was ad- 
justed to 30 A260 units/ml and incubation was for 
30 min at room temperature. The treated subunits 
were irradiated in a 1 mm thick layer in a petri dish 
for 3 min with a Sylvania GST5 UV lamp (252 nm) 
at a distance of 4 cm. After reduction of the 
disulfide bridges with ,&mercaptoethanol [6] the 
subunits were precipitated with ethanol and 
resuspended in TED buffer (25 mM Tris-HCl, pH 
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7.8, 2 mM EDTA, 5 mM /?-mercaptoethanol, 
0.1% SDS). Aggregates were removed by low- 
speed centrifugation. 
products 
The sample was layered on a IO-30% sucrose 
gradient in TED buffer and centrifuged at 
26000 rpm for 22 h at 4°C in a Beckman SW27 
rotor. The peak containing the 26 S rRNA was 
pooled, precipitated with ethanol and the material 
was recentrifuged under the same conditions. The 
26 S rRNA peak was again pooled, precipitated 
and the amount of radioactivity determined. To 
remove the RNA the material was resuspended in 
2OO.J of 0.1 M Tris-HCI, pH 7.6, containing 
1 mM iodoacetamide. RNase A (Sigma, 4 1(g) and 
RNase Tl (Sankyo, 5 U) were added and the sam- 
ple was incubated for 30 min at 37°C. Finally the 
sample was adjusted to 0.2 M NaOH and in- 
cubated for a further 2 h at 37°C to degrade re- 
maining oligonucleotides. After neutralization 
with HCl, 1OOpg bovine serum albumin (Sigma) 
and 20 pg unlabeled total yeast 60 S ribosomal 
protein were added as carrier and the sample was 
dialysed overnight at 4°C against 1 mM HCI. To 
remove the SDS the protein was precipitated twice 
with 5 vols acetone containing 0.1 M HCI and 
finahy dried. The proteins were analysed by two- 
dimensional polyacrylamide gel electrophoresis ac- 
cording to Mets and Bogorad [7]. The gels were 
stained with Coomassie brilliant blue, soaked in 
Amplify (Amersham), dried and fluorographed. 
The amount of radioactivity in the various protein 
spots was determined by cutting out the spots and 
counting in a liquid scintillation counter. 
2.4. Isolation of totaf 60 S riboso~ul protein 
Total 35S-labeIed and unlabeled 60 S ribosomal 
protein was isolated from purified yeast 60 S 
subunits by extraction with acetic acid [8]. 
3. RESULTS AND DISCUSSION 
Since 2-iminothiolane has not been used 
previously to obtain protein-rRNA crosslinks in 
eukaryotic ribosomes we first determined the op- 
timal conditions for the reaction. Fig.1 shows the 
extent of crosslinking of yeast 60 S subunits as a 
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Fig. 1. Percentage of protein-rRNA crosslinking in 60 S 
ribosomal subunits as a function of the concentration of
2-iminothiolane. 60 S subunits labeled uniformly with 
35S were treated with various concentrations of 2-IT for 
30 min at room temperature, irradiated with UV and 
subjected to two rounds of sucrose density gradient 
centrifugation in the presence of SDS. The percentage of 
the total input radioactivity recovered in the 26 S peak 
after the second centrifugation was taken as a measure 
of the extent of crosslinking. The UV irradiation 
treatment did not result in detectable crosslinking in 
subunits not previously exposed to 2-IT. 
tent of crosslinking was determined as the per- 
centage of the 35S label that cosedimented with the 
26 S rRNA after two rounds of sucrose density 
gradient centrifugation in the presence of SDS (see 
section 2 for details). In agreement with the results 
of Wower et al. 161 using E. cofi 50 S subunits, 
crosslinking reached a plateau at a reagent concen- 
tration of about 20 mM. The maximum extent of 
crosslinking is somewhat lower than the 5-6% 
observed by Wower et al. [6]. It should be kept in 
mind, however, that the 35S labeling used to quan- 
tify crosslinking causes the results to be strongly 
dependent upon the amino acid composition of the 
crosslinked proteins. This was not the case in the 
experiments of Wower et al. who used 14C labeling 
of the ribosomal protein. In fact, since the yeast 
60 S protein crosslinked most efficiently by 2-IT is 
relatively weakly labeled (cf. table 1) our plateau 
value of 3% certainly is an underestimate. No 
radioactivity could be detected in the 26 S rRNA 
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Table 1 
Relative extent of crosslinking of the major crosslinked 
60 S subunit proteins 
Protein Rs cpm per crosslinked protein 
Recovered Corrected 
L2 6.3 1910 303 
L3 4.3 988 230 
L5 1.8 1830 1016 
L19 5.8 1140 197 
L23 2.5 730 292 
The amount of radioactivity recovered in a crosslinked 
protein after 2D gel electrophoresis was corrected for the 
relative sulfur content (Rs) of the protein. The latter was 
determined as the relative amount of radioactivity 
present in the protein after separation of total protein 
isolated from “S-labeled 60 S subunits on a 2D gel 
peak when untreated 60 S subunits, subunits 
treated with 20 mM 2-IT but not UV-irradiated, or 
subunits not exposed to 2-IT but irradiated with 
the standard UV dose, were subjected to the same 
sucrose density gradient centrifugation in the 
presence of SDS as described for crosslinked 
subunits (not shown). This demonstrates that the 
proteins cosedimenting with the rRNA are indeed 
covalently linked to this rRNA. 
Fig.2 shows a representative example of the 
analysis of the crosslinked proteins by two- 
dimensional gel electrophoresis (panel A). 
Unlabeled total yeast 60 S ribosomal protein was 
added to the crosslinked sample to facilitate iden- 
tification. For reference purposes an example of a 
stained gel is also shown (panel B). The bulk of the 
label is present in 5 distinct spots corresponding to 
proteins L2, L3, L5, L19 and L23 according to the 
nomenclature of Kruiswijk and Planta [9] using 
the correlation tables from [lo]. Identification of 
the weak spots is more tentative. Most likely, 
however, they represent proteins L6/L7, LWL9, 
L16, L20 and L35/L38. 
To assess the efficiency of crosslinking the 
amount of radioactivity recovered in the cross- 
linked product had to be corrected for the sulfur 
content of the protein in question. Therefore, we 
determined the relative extent of labeling of in- 
dividual 60 S ribosomal proteins after separating 
Fig.2. Identification of the 60 S subunit proteins 
crosslinked to rRNA by 2-iminothiolane. “S-labeled 
60 S subunits were treated with 20 mM 2-IT and 
irradiated with UV. The protein remaining associated 
with the 26 S rRNA peak after two rounds of sucrose 
density gradient centrifugation in the presence of SDS 
was freed of RNA by treatment with RNases A and Tl 
as well as alkali and analyzed by 2D gel electrophoresis 
according to [7]. Crosslinked proteins were detected by 
fluorography (panel A) and identified with the aid of the 
staining pattern of total 60 S subunit protein added as 
carrier (panel B). Numbering is according to the 
nomenclature of [9]. Panel B, major (*) and (0) minor 
crosslinked products. 
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total protein from 35S-labeled 60 S subunits on a 
two-dimensional gel. 
As can be seen in table 1, 4 of the 5 major 
products are crosslinked to the rRNA to approx- 
imately the same extent. Since the 4 proteins 
together account for about 20% of the label in 
total 60 S protein they must each be crosslinked at 
a level of about 3-4%. This is comparable to the 
level of crosslinking of individual proteins by 2-IT 
treatment of E. co/i ribosomal subunits [6,11]. 
Similar values have also been reported for proteins 
crosslinked to rRNA by other chemical agents 
[12-141. Protein LS, however, is crosslinked at a 
3-5-fold higher efficiency indicating an intimate 
association of this protein with the rRNA. Schmid 
et al. [15] recently reported that protein YL6, 
which is identical to L5 [lo], is immunologically 
related to E. cob protein EL2, a possible compo- 
nent of the peptidyl transferase center [16]. In- 
terestingly, protein EL2 is also intimately 
associated with the rRNA. It is crosslinked effi- 
ciently to rRNA by a wide variety of agents, in- 
cluding 2-IT, that cause crosslinking by different 
reaction mechanisms and at relatively short 
distances [2,17,18]. Moreover, L5 and EL2 have 
been shown to bind individually to 26 S and 23 S 
rRNA, respectively [5,19]. 
An accurate determination of the crosslinking 
efficiency of the weakly crosslinked products was 
not possible due to the low amount of label present 
in these products and their uncertain assignment. 
We estimate, however, that crosslinking of these 
proteins does not exceed 1%. 
Comparison of the crosslinking results with 
other data available on protein-rRNA interactions 
in yeast ribosomes shows that, with the exception 
of protein L19, all 5 proteins listed in table 1 are 
capable of binding individually to 26 S rRNA [5]. 
Protein L19 binds to 5.8 S rRNA [20]. Finally, 
proteins L2/L3 have been crosslinked to sper- 
midine after treatment of intact yeast 60 S subunits 
with this polyamine, indicating a close proximity 
of these proteins to a double-stranded stretch of 
rRNA [21]. Thus there is a good agreement be- 
tween the results of crosslinking presented here 
and topographical information obtained by other 
means despite the fact that crosslinking is in- 
dicative only of close proximity and does not 
necessarily imply interaction between the two reac- 
ting molecules. On the other hand, interaction be- 
tween an RNA and a protein molecule does not 
automatically ensure the specific spatial relation- 
ship of reactive groups required for crosslinking. It 
is, therefore, not surprising that several 60 S pro- 
teins previously shown to bind to the rRNA (e.g. 
L25 [5]) were not found among the set crosslinked 
by 2-IT. Finally, it should be noted that the set of 
proteins crosslinked by 2-IT reported here may not 
be complete. We have found that proteins L12, 
L24, L33 and L42 are not labeled with 35S. Any 
crosslinking of these proteins, therefore, would 
have gone undetected. 
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